A quantitative analysis of blurring and its dependence on the stencil-substrate gap and the deposition parameters in stencil lithography, a high resolution shadow mask technique, is presented. The blurring is manifested in two ways: first, the structure directly deposited on the substrate is larger than the stencil aperture due to geometrical factors, and second, a halo of material is formed surrounding the deposited structure, presumably due to surface diffusion. The blurring is studied as a function of the gap using dedicated stencils that allow a controlled variation of the gap. Our results show a linear relationship between the gap and the blurring of the directly deposited structure. In our configuration, with a material source of ∼5 mm and a source-substrate distance of 1 m, we find that a gap size of ∼10 μm enlarges the directly deposited structures by ∼50 nm. The measured halo varies from 0.2 to 3 μm in width depending on the gap, the stencil aperture size and other deposition parameters. We also show that the blurring can be reduced by decreasing the nominal deposition thickness, the deposition rate and the substrate temperature.
Introduction
Stencil lithography (SL) is a high resolution shadow mask technique [1] [2] [3] that allows the patterning of structures and devices such as metallic nanodots [2, 4] , nanowires [5] [6] [7] and NEMS [8] .
Compared to other techniques, like electron beam, nano-imprint and deep UV lithography, SL has the important advantage of not requiring any resist processing, such as coatings, chemical solvents or energy radiation. This allows using SL on a broader range of substrates compared to resist-based techniques and reducing the steps required for patterning. For instance, SL has been used for patterning substrates like self-assembled monolayers [9] , organic layers [10] , polymer substrates [11] , CMOS devices [8] , cantilevers and non-planar substrates [3] . Recently, stencils have also been used as masks for dry etching and ion implantation [12] [13] [14] . 3 Authors to whom any correspondence should be addressed.
An important feature of stencil lithography is that the stencil and the substrate are not in contact. The gap between the stencil and the substrate is due to several factors, like wafer curvature, membrane stress and any topography on the substrate. The gap and the absence of resist processing allow using stencil lithography on chemically or mechanically fragile substrates that can be damaged by radiation, solvents or mechanical pressure. It also allows the patterning on high topography structures where resist coating is difficult. However, the gap also produces a blurring in the deposited structures, reducing the resolution of SL [1, [15] [16] [17] [18] . The blurring is also affected by the properties of the deposited material and the substrate [18, 5] . To our knowledge, the characteristics and the quantitative dependence of the blurring on the stencil-substrate gap and other parameters have not been established experimentally. In this sense, an understanding of the blurring behavior is important to improve the resolution and to determine the limiting factors in stencil lithography. In this work, firstly, the blurring in structures deposited by SL is described. Then, dedicated stencils designed to have a controlled variation of the gap in a single deposition are presented. Using these stencils, the blurring is studied as a function of the stencil-substrate gap for Al depositions by ebeam evaporation. Then, the effect of the nominal deposition thickness, deposition rate and substrate temperature on the blurring is also analyzed. Finally, other metals (Au, Pt, Ti and Cr) are also deposited through stencils, showing a blurring similar to that observed for Al depositions. These results are discussed and different mechanisms affecting the blurring are proposed.
Results

Blurring in structures deposited by SL
The blurring in stencil lithography, illustrated in figure 1, is due to two main factors: the geometry of the source-stencilsubstrate configuration and the spreading of the deposited material. The area where the material is directly deposited on the substrate is larger than the stencil aperture due to geometrical factors, forming a central structure (W C ) larger than the stencil aperture (A). Besides, the deposited material can spread laterally presumably due to surface diffusion, forming a halo (B H ) surrounding the central structure.
The material halo surrounding the central structure is difficult to observe because it is a very thin evanescent layer. Figures 2(a) and (b) show a stencil aperture and its corresponding deposited structure after the evaporation of 30 nm thick aluminum by electron beam physical vapor deposition (e-beam PVD) on a silicon substrate. The deposited Al structure consists of a nanowire in between two micrometric structures, reproducing clearly the aperture pattern in the stencil. In order to facilitate the observation of the halo, we performed a 'contrast etching' that enhances the contrast of the halo, as illustrated in figure 2(c). It consists of a short etching of the silicon substrate (∼60 nm) with a selectivity to aluminum of ∼100. Due to this high selectivity, even a very thin film of a few nanometers of Al is enough to mask the Si underneath. This forms a step at the edge of the halo and facilitates its observation and measurement. After the contrast etching, the halo can be easily observed in figure 2(d). This halo extends 100-20 nm from the main structure and it can be observed that its size is not constant, being larger for concave than for convex corners. This is probably due to material from the two sides adding together and indicates that the shape of the apertures also affects the halo.
The blurring of an aluminum nanowire deposited by ebeam PVD of 60 nm thick Al at a rate of 4Å s −1 on a silicon substrate with the native oxide is presented in detail in figure 3. The structure was deposited through a 90 nm wide nanoslit in a 100 nm thick low stress silicon nitride (LS SiN) stencil membrane. Figures 3(a) and (b) show the image and the profile of the Al nanowire by tapping mode atomic force microscopy (TM AFM) showing a thickness of ∼55 nm. Since the halo is difficult to resolve with AFM and SEM, the contrast etching described before was performed. Figures 3(c) and (d) show SEM images of the nanowire with a width of W C = 100 nm and the total structure including the halo of W T ∼ 540 nm. From the TM AFM profile of the structure, the estimated thickness of the halo is <5 nm.
To analyze the blurring, it will be assumed that the width of the central structure (W C ) is determined by the aperture size (A) plus the size enlargement of the structure due to the geometry of the source-stencil-substrate configuration. The width of the total structure (W T ) will be determined by the width of the central structure (W C ) plus the halo due to material spreading. From these assumptions, we will define two types of blurring, the geometrical blurring, B G , and the halo-blurring, B H , as follows (see figure 1) :
From a geometrical analysis, B G can be modeled as:
This expression can be approximated and simplified to [1, 15] :
if D T , G T and S A, which is satisfied in depositions with stencil membranes ∼100 nm thick. Concerning the halo, currently there is no analytical model to estimate the size of B H .
Stencils for a controlled variation of the gap
In order to study the effect of the gap on the blurring, two kinds of stencils that allow a controlled variation of the gap in a single deposition were fabricated. One type consists of 'stair-stencils' containing membranes with steps and terraces at different heights and with apertures on the different terraces as shown in figure 4(a) . The vertical distance between the terraces is ∼5 μm. The second type consists of 'slope-stencils' containing membranes with a slope of 54
• . These stencils have nanoslit apertures going down through the sloped membranes (long axis of slits parallel to the slope direction) as shown in figure 4(b). This allows depositions through the same aperture with a varying gap. In both cases, the membranes are made of LS SiN 100 nm thick. The membrane height profile was measured by optical profilometry. The variation in vertical distance between the top and bottom of the membranes is ∼40 μm. The apertures in the stencil membranes were fabricated with focused ion beam milling and consist of slits with widths from 100 nm to 2 μm. In the case of the stairstencils the slits are 5 μm long, whereas for the slope-stencils, the length of the slits projected on the substrates is ∼25 μm. The fabrication process and the fabricated stencils are shown in the supporting information in figure SI 1 (available at stacks.iop.org/Nano/20/415303). The stencils are chips of 2 × 2 cm 2 in size and were fixed to the substrate by adhesive tape. As shown in figure 4 , even between the flat part of the membranes and the substrate there is already an initial gap, marked as G o . This G o gives an offset that has to be added to the gap from the membrane profile ( G) to obtain the total substrate-stencil gap (G = G o + G). G o was measured after all performed depositions and it was usually 5 μm. In depositions using 100 mm diameter full wafer stencils and substrates, G o can increase up to 10-30 μm due mainly to the curvature of the wafers.
Blurring as a function of gap
To study the blurring as function of the gap, a 60 nm thick aluminum deposition was performed by e-beam PVD through a stair-stencil on a silicon substrate. The depositions were performed at a base pressure of 10 −6 mbar, a deposition rate of 4Å s −1 , a source-substrate distance D = 1 m and at room temperature. The electron beam that heats the material source is ∼5 mm in diameter and is static without any sweeping on the material source. The profile and thickness of the deposited structures were obtained by TM AFM analysis before the contrast etching [19] . The widths of the stencil apertures (A) and of the deposited structures (W C and W T ) were obtained by SEM analysis after performing a contrast etching. The gap effect on the blurring is illustrated in figure 5 The thickness of the structures is plotted in figure 6(c). Starting from the nominal value of 60 nm, the thickness decreases for larger gaps and smaller apertures. This behavior has been previously observed for Au and Al nanowires deposited through stencils [6] .
Effect of deposition parameters
2.4.1. Nominal deposition thickness. Different evaporations changing the nominal deposition thickness of aluminum were performed on a silicon substrate using the slope-stencils described before in section 2.2. The nominal deposition thickness corresponds to the value registered by the measuring crystal quartz of the evaporator. Different nominal thicknesses of 20, 60 and 100 nm of Al were deposited at 4Å s −1 (10 −6 mbar, 300 K and D = 1 m) using the same stencil. In order to avoid clogging problems, we removed the Al from the stencil after each deposition [20] . The results for a deposition through a 600 nm wide aperture are shown in figure 7 , showing an increase in the halo as the thickness is increased. The left part of the structures had the smallest stencil-substrate gap, increasing gradually towards the right extreme (see figure 4(b) ). These depositions also confirm the increase in the halo as the gap increases. It is also important to remark that the blurring for a specific point is due not only to its corresponding gap, but also due to contributions of neighbor sections with different gaps. In figure 7 it is observed that the two extremes of the structures have smaller halos since there is less material coming from neighbor zones compared with sections in the middle of the structure.
Deposition rate.
The effect of the deposition rate on the blurring was also analyzed. Two depositions of 45 nm of Al were done through the same apertures using a slope-stencil (10 −6 mbar, 300 K and source-substrate distance D = 1 m). One deposition was done at 1Å s −1 and the second at 4Å s −1 . The results are illustrated in figures 8(a) and (b) for structures deposited through a 300 nm wide aperture, showing a larger blurring at 4Å s −1 than at 1Å s −1 . As observed, the halo is reduced and the definition of the central structure is improved for the slower deposition rate. This is confirmed by the TM AFM profile of the structures (before contrast etching) shown in figure 8(c). The structure deposited at 4Å s −1 has a broader and thinner profile compared to the one at 1Å s −1 . In order to confirm this behavior, the same experiment was performed using a different evaporator with a source-substrate distance D = 50 cm. Three depositions of 45 nm of Al were done at 2, 10 and 40Å s −1 . The results showed the same trend obtained before. The deposition done at 2Å s −1 had the least blurring and the one at 40Å s −1 the largest. The structures obtained from these three depositions are shown in the supporting information in figure SI 4 (available at stacks.iop.org/Nano/20/415303). Figure 8(d) shows the results for the halo-blurring as a function of the gap for the different deposition rates in the two different evaporators with sourcesubstrate distances and aperture widths of (D 1 = 1 m, A 1 = 300 nm) and (D 2 = 50 cm, A 2 = 650 nm). These results show that the halo-blurring increases for faster deposition rates.
Substrate temperature.
Finally, we also studied the effect of the substrate temperature on the blurring. Two evaporations of 40 nm thick Al were performed at substrate temperatures of −100 • C (173 K) and 115
• C (388 K). In this case, the evaporations were done by thermal PVD, with a source-substrate distance D = 20 cm, a deposition rate of ∼5Å s −1 and using stencils with conventional flat membranes. Figure 9 illustrates the results for structures deposited through 500 nm wide apertures after the contrast etching. Regarding the halo, there is no significant difference between the two depositions at different temperatures. However, an important difference is observed concerning the central structure. Even though they have a similar size, the central structure in the deposition at lower temperature is better defined, showing a clearer edge. The grain size of the central structure is also larger for the higher temperature deposition.
Blurring for different metals
Even though the previous analyses were done only for Al depositions, a similar behavior for the blurring can be observed for other metals. Figure 10 shows structures of different metals, Al, Au, Pt, Ti and Cr, deposited at 4Å s −1 through apertures in slope-stencils on a silicon substrate after a contrast etching, except for Au, due to an incompatibility with the dry etching process equipment. For each structure the gap increases gradually from the left to right extremes. In a similar way to Al, for Pt, Ti and Cr, the deposited structure also consists of a central structure surrounded by a halo that increases with the gap. In the case of Au, the deposited structure gets broader as the gap increases, but it is not possible to observe the halo or determine its behavior. These results suggest that the halo behavior is common for metallic structures deposited through stencils. However, a comparison of the blurring between the materials presented requires further analysis because the depositions were not all done with the same stencils, the deposition thickness and source size are not the same, and the selectivity to the contrast etching can also be different.
Discussion
Effect of geometry on blurring
In PVD by evaporation, the flow of evaporated material has a characteristic cosine distribution following a line of sight trajectory from the source to the substrate [21] . This behavior is due to the much larger mean free path (l o ) of the vaporized atoms compared with the source-substrate distance (l o > D) [21] . In our conditions, at P = 10 −6 mbar and T = 300 K, the mean free path for atomic particles (diameter ∼ 2Å) is l o ∼ 100 m, satisfying l o D. This condition is the basis for the geometrical blurring model (figure 1 and equations (2) and (3)). Comparing the results of the linear fit for the measured geometrical gap ( figure 6(a) ), with the model for B G of equation (3), • C after a contrast etching. There is no significant change in the size of the halo and the central structure. However, the structure deposited at higher temperature has a more blurred edge in the central structure and a larger grain size.
we can extract S = 0.0048 m and G o = 4.1 μm (D = 1 m is known). The value for S is reasonable, since the spot size of the electron beam heating the source is ∼5 mm without any e-beam sweeping. The real size of the source is difficult to estimate, since the actual area that evaporates depends on the power, size and sweep geometry of the e-beam and on the thermal properties of the material to evaporate. The value extracted for G o is also close to the measured value by optical microscopy of ∼3 μm, and in the range of the typical values (G o < ∼5 μm) observed in this configuration. These results support the validity of equation (3) to describe the geometrical blurring and to estimate the size of the central structures for depositions through stencils by evaporation PVD.
Rather than a profile of the deposited structure, the geometrical blurring model gives a profile of the flux of material impinging on the substrate. From geometrical considerations, it is possible to distinguish between two different zones on the substrate. As illustrated in figure 11(a) , there is a central zone Y under the aperture that receives material from the entire source with a maximal deposition rate, and two side zones X that receive material only from a fraction of the source, having a reduced deposition rate. The deposition rate decreases starting from the edge of the Y zone and becomes zero at the outer edges of the X zones. However, figure 11(b) ). This reduction in the effective size of the source reduces the local deposition rate and hence the thickness of the entire structure. This probably contributes to the reduction of the thickness of the deposited structures for large gaps and small apertures observed in the results of figure 6(c).
Spreading of material after adsorption
The geometrical blurring cannot be an exact model for the blurring because it does not consider the dynamics of the adsorbed molecules on the substrate. As described before, the structures deposited by SL have a central structure surrounded by a thin halo. The halo and the material spreading have been previously observed for shadow mask depositions by PVD [22, 18, 16, 23, 24] . Rácz et al observed a halo between 0.1 and 2 μm for different metals deposited through apertures of 3-7 μm in size by e-beam evaporation on substrates at 45
• C [18] . They also reported that the smallest halo-blurring was observed for Ge and Cr depositions and the largest for Al, Ti and Pt. Levenson et al also observed a spreading of material varying between 8 and 25 μm using a 50 μm diameter wire as a shadow mask for Al depositions on oxides and silicon nitride substrates at 100
• C [22] . The formation of the halo is probably related to the atomistic processes involved in film growth. The deposition of a structure by evaporation PVD implies the condensation of the atoms on the substrate, heating the substrate a few degrees (1-10
• C) for a conventional silicon wafer [25, 26, 21] . The growth of the structures is driven by both thermodynamics and kinetics. When the atoms arrive to the surface, they remain mobile due to surface diffusion and can join an existing island, form a new nucleation center or eventually be desorbed [27, 28] . The diffusion of atoms during film growth is driven by a gradient in the chemical potential and is a thermally activated process. The surface diffusion activation energy E d and the diffusion coefficient
are not fixed constants and may depend on the adatom coverage and the adatom-adatom and adatomsubstrate interactions [29, 30] . The activation energy for diffusion of metallic atoms on metals is E d ∼ 0.5-1 eV, which is normally a fraction between 1/2 and 1/4 of the adsorption energy E a (typically E a > 1 eV). The parameter D o for metals is typically in the order of ∼10 −7 m 2 s −1 [31] . (For a more detailed expression of the diffusion coefficient see the supporting information in section 4.) These different phenomena and factors, like nucleation, diffusion, substrate properties and deposition conditions, affect the dynamics of the adsorbed atoms and probably determine the formation of the halo.
In the early stages of condensation and growth, the adsorbed atoms diffuse and bind to other atoms, forming nucleation centers and stable islands. As the islands grow in size, most of the incoming atoms join existing islands, generating the steady growth of a condensed structure [28] . This is probably the case for the areas on the substrates on zones Y and Z , and parts of zones X (see figure 11) , generating the well defined central structure. However, in the outer edges of zones X, the landing atoms can diffuse out of the deposition zone, where the probabilities to find a stable grain or nucleate with another atom are much lower, increasing the diffusion time and length. This could produce a thin layer of spread material, e.g. the halo, surrounding the well defined central structure. Another difference between the atoms forming the halo with those forming the central structure is the interaction with the substrate. After a few seconds (1-2 nm thick deposition), a complete metallic layer is formed under the stencil aperture (mainly zones Y and Z ), meaning that the after-coming atoms grow on a metallic substrate of the same composition as the condensing material (metallic atoms on metal). On the other hand, the atoms diffusing out of the deposition zone forming the halo, diffuse mainly on the original substrate (metallic atoms on silicon oxide), since in this zone it takes more time to form a complete metallic layer. This difference in substrate interaction can also generate different diffusion and adsorption behaviors between the halo zone and the zones under the apertures. From the size of the halo, we can make a rough estimation of a diffusion length of ∼1 μm, and taking as time reference the deposition time around ∼100 s, we estimate a diffusion constant D = (1 μm 2 /100 s) = 10 −14 m 2 s −1 and E d = 0.4 eV assuming T ∼ 300 K. This is comparable to the reported values of 0.4 and 0.9 eV for the diffusion activation energy of Al [32, 33] . More detailed analysis and experiments of the halo dependence on temperature and materials would provide more information to determine the role of diffusion in the formation of the halo.
Halo dependence on gap and deposition parameters
As discussed in section 3.1, the geometry of the sourcestencil-substrate configuration affects the profile of material flux impinging the substrate and thus the local deposition rate. The deposition rate is an important parameter affecting the nucleation rate, the growth of the structure and heating phenomena. Since all these elements affect the halo formation, it is expected that the stencil-substrate gap has an effect on the halo. As the gap increases, there are larger zones with a reduced deposition rate (outer edges of zones X), where the formation of islands is reduced. This increases the amount of atoms that can diffuse and spread out of the deposition zone, forming a larger halo. It is important to note that even for very small gaps, the material can always diffuse laterally since there are no barriers limiting its movement. From the value of G o extracted in section 3.1 for the data in figure 6(a) , it is possible to estimate the values of B H for G → 0 assuming G = −4.1 μm in the plot in figure 6(b) . This gives values for B H below 200 nm for the different aperture sizes. These values could be further reduced optimizing the deposition parameters. However, further analysis and experimental data is required to establish an analytic and reliable relation between the halo and the gap.
The increase of the halo with the nominal deposition thickness could be due to more material arriving on the substrate spreading and diffusing out to form the halo. This behavior was also observed by Racz et al for different metals [18] . Concerning the effect of the substrate temperature, it is worth to point out the results from Levenson et al and Doust et al [22, 24] . In the work from Levenson, they performed 375 nm thick Al depositions and found a maximum size for the halo at ∼200
• C and a reduced halo at 100 and 300
• C [22] . Similarly, Doust et al performed evaporations of Ag on Si(111) substrates in ultrahigh vacuum and observed the maximum spreading at 470
• C and a reduced spreading for lower or higher temperatures [24] . Raynard et al proposed a model for this behavior based on diffusion and rate equations of thermally activated processes [34] . In their model, the spreading of material decreases for lower temperatures due to a lower diffusion coefficient, whereas for higher temperatures the reduction in the residence time (faster desorption) of the adatoms limits the spreading of the material. This behavior can also be present in our experiments, and the maximum halo size could be found effectively in the range between −100 and 115
• C. The effect of the deposition rate on the halo has also been studied by Racz et al, however, they observed an opposite trend to ours [18] . In their work, they have deposited 5, 10 and 20 nm of Al at 0.8 and 2.3 nm s −1 , through 3-7 μm wide square apertures. They have observed a smaller halo for the deposition at 2.3 nm s −1 than at 0.8 nm s −1 . Unfortunately, they do not report the gap values, which also affect the size of the halo. From the surface diffusion point of view, at higher deposition rates the formation of islands is faster, leading to smaller diffusion lengths. However, the higher deposition rate also leads to higher heating of the substrate and hence to a higher diffusion coefficient. In the halo zone, where the nucleation is reduced, the increase in the surface diffusion coefficient can become a dominant factor and lead to a larger halo. More experiments varying the temperature and deposition rate would be important to understand this behavior and their effect on atomic dynamics and surface diffusion in SL.
Solutions for halo-blurring
As a remedy for the halo, Arcamone et al developed a corrective etching that exploits the reduced thickness of the halo [23] . It consists of an anisotropic dry etching of the deposited material of a few nanometers, 1-3 nm, enough to remove the halo while leaving the central structure clearly defined. However, its application is limited to the compatibility with the other materials and fabrication processes involved.
The blurring can also be reduced by adjusting the deposition parameters and/or by reducing the gap between the stencil and the substrate. The gap depends strongly on the wafer curvature and on the clamping and fixation of the stencil to the substrate. Normally smaller stencils (<1 cm) reduce the effect of the curvature and produce gaps <5 μm. Similarly, different clamping systems result in different gaps. Clamping systems that provide a uniform force over the entire stencil and substrate normally result in smaller and more uniform gaps.
A reduction in the gap can also be achieved using compliant membranes that would follow the topography of the substrate, reducing the gap and improving the definition of the deposited structures [35] .
Conclusions
We have shown that the blurring of structures deposited by stencil lithography depends on the source-stencil-substrate geometrical configuration and on the deposition parameters. The blurring is manifested as an enlargement of the structures and as a halo, both increasing when the stencil-substrate gap increases. The size of the central structure shows a linear behavior with respect to the gap, which proves that the geometrical model for the blurring gives a good approximation for the size of structures deposited through stencils. The halo surrounding the structure increases not only with the gap, but also with the stencil aperture size. More experiments and analysis are required to establish an analytical relation between these factors. We have also demonstrated that other deposition parameters like the thickness, deposition rate and substrate temperature affect the blurring, highlighting the role of atomic dynamics and surface diffusion in the blurring in stencil lithography. These results show that by reducing the gap and controlling the deposition parameters, it is possible to reduce the blurring and increase the resolution of stencil lithography. However, the understanding of the blurring, the halo and the role of surface diffusion still requires further analysis that would provide clearer strategies to reduce the blurring.
Experimental details
Stencil fabrication. The details of the fabrication process are given in the supporting information (available at stacks.iop.org/Nano/20/415303). The fabrication is based on silicon-based micromachining. The profiles of the stencils are defined by deep reaction ion etching for the stair-stencils and by anisotropic KOH etching for the slope-stencils. The nanoapertures are defined with a focused ion beam. Contrast etching. The contrast etching is based on a silicon dry anisotropic etching using SF 6 and CF 4 with an Alcatel 601 equipment. The Si etching rate is 400 nm min −1 , with a selectivity to aluminum of ∼100, and performed during 10 s (Si etch depth of ∼60 nm). Evaporators. Most of the experiments were carried out in an electron beam evaporator Leybold LAB600 (D = 1 m). The machine is operated in automatic mode, with a feedback loop to control the deposition rate. For the experiments with different deposition rates, we also used an electron beam evaporator Alcatel EVA600 (D = 40 cm) with a manual deposition rate control. The experiments with substrates at different temperatures were done on an Edwards Auto 306 thermal evaporator with a source-substrate distance of 20 cm and home-made substrate temperature control.
